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Abstract

18
Automated in situ instrumentation captured high-resolution surface water pCO2, CH4 and 19 222 Rn data at the creek mouth, and ~ 500m upstream in a sub-tropical mangrove ecosystem 20 (Southern Moreton Bay, Australia, S27.78°, E153.38°) over a spring-neap-spring tidal cycle 21 (~ 15 days) during November 2013. The partial pressure of CO2 (pCO2) ranged from 385 to 22 26106 µatm, CH4 from 1.8 to 889 nM, and 222 Rn from 280 to 108172 dpm m -3 . Average 23 surface water pCO2, CH4 and 222 Rn were 4-fold higher at the upstream station. Surface water 24 fluxes of CO2 and CH4 ranged from 9.4 to 629.2 mmol CO2 m -2 d -1 and 13.1 to 632.9 μmol 25 CH4 m -2 d -1 depending upon the gas transfer model used and station location. Creek pCO2, 26 CH4 and 222 Rn displayed changes over both semi-diurnal and spring-neap-spring tidal scales. 27
Semi-diurnally, all gases had a significant inverse relationship with water depth. Over the 28 spring-neap-spring cycle, all gases exhibited an inverse relationship with tidal amplitude, 29
with higher values during neap tides than spring tides. Estimated fluxes, porewater 30 observations, and the significant positive relationship between surface water pCO2 and CH4, 31 and 222 Rn suggests groundwater exchange (i.e. tidal pumping) drives pCO2 and CH4 within 32 the mangrove creek. We hypothesize that a combination of hourly and weekly groundwater-33 surface water exchange processes drive surface water pCO2 and CH4 in mangrove creeks. 34
Semi-diurnally, flushing of crab burrows leads to high pCO2 and CH4 concentrations at low 35 tide. During the spring-neap-spring cycle, older groundwater enriched in CO2, CH4 and 222 Rn 36 seeps into the creek as tidal amplitude decreases, leading to higher concentrations at neap 37 tides. 38 This paper builds on previous studies by using 222 Rn to assess the influence of tidal pumping 97 on surface water pCO2 and CH4 concentrations over a spring -neap -spring cycle. An 98 automated in situ system was used to measure pCO2 and CH4 at 1 Hz and 222 Rn at 10 minute 99 intervals at two locations within the creek (creek mouth and ~ 500 m upstream) over a 16-day 100 period. We hypothesise that tidal pumping will control surface water pCO2 and CH4 101 concentrations and that there will be significant spatial (i.e. between the creek mouth and 102 upstream station) and temporal variability (i.e. semi-diurnal and spring -neap -spring time 103 scales) in surface water pCO2, CH4 and associated estimates of the water to atmosphere 104 fluxes of these gases. 105 
Methods
Surface water sampling 120
Water column pCO2 and CH4 were measured at two sites (creek mouth and ~ 500 m 121 upstream) within the mangrove creek at ~ 1 Hz during a spring-tide to spring-tide tidal cycle, 122 A calibrated Hydrolab DS5X water quality multiprobe was deployed at each station to 144 measure salinity (±0.1) and temperature (±0.1 o C), in the creek surface water at 10 min 145 intervals. Wind speed was logged every minute using a sonic anemometer at a height of ~ 3 146 m at the creek mouth station only. Wind speed values were corrected to a 10 m height using 147 the power law relationship assuming a roughness exponent of 0.143 (Robeson and Shein, 148 1997 ). An acoustic current meter (SonTek Argonaut) was deployed in the centre of the creek 149 at each station to measure current velocity at 5 min intervals. 150
Data analysis 151
CO2 and CH4 water-atmosphere fluxes were determined according to: 152
Where k is the gas transfer velocity (m d -1 ), α is the solubility co-efficient of the respective 154 gas, Cw is the partial pressure (µatm) of gas in water, and Catm is the partial pressure (µatm) of 155 gas in the atmosphere. Solubility coefficients for CO2 and CH4 were determined according to 156 Weiss (1974) and Yamamoto et al. (1976) . 157
As k was not determined directly, we used a range of empirically derived k models based on 158 wind speed, current velocity and depth. The wind driven parameterisation of Raymond where k is the gas transfer velocity (cm hr -1 ), u is the wind speed at a height of 10 m (m s -1 ) 166
and Sc is the Schmidt number of the gas at in situ temperature and salinity. of 222 Rn at in situ temperature and salinity (Wanninkhof, 1992) . 199
Groundwater samples 200
Groundwater samples were collected at low tide from sites located at the low tide, mid tide, 201 and high tide levels, at locations adjacent to the creek mouth, mid creek and upstream 202 stations. Samples were collected by digging bores to a depth of ~ 30 cm below the water table  203 with the water in each bore purged at least two times the well casing volume before sampling. 204
Radon-222, pCO2 and CH4 were collected using gas-tight high density polyethylene (HDPE) 205 bottles and analysed using the RAD7 and Picarro G2201-i following a modification of the 206 method of Lee and Kim (2006) to integrate a second closed gas loop to the Picarro G2201-i. 207
Samples were analysed immediately after collection. 208 
Results
Surface water to atmosphere fluxes 247
Based on the pCO2 and CH4 from the creek mouth and upstream sampling stations, mangrove 248 creek waters were a net source of CO2 and CH4 to the atmosphere throughout the study 249 (Table 2 ). The average emission of CO2 over the study period varied considerably depending 250 upon the gas transfer velocity model used and sampling location, ranging from 9 to 115 mmol 251 This study demonstrates the high spatial variability of pCO2 and CH4 that can occur within a 263 distance of only ~ 500 m in the waters of small, shallow mangrove creeks. Overall, the 264 average upstream pCO2, CH4 and 222 Rn were ~4 fold higher than those measured at the creek 265 mouth. The pCO2 measured at the creek mouth are within ranges previously reported for 266 mangrove surrounding waters, albeit at the upper end of maximum pCO2 range (Table 3) . 267
However, the maximum pCO2 at the upstream station (26106 µatm) is higher than previous 268 measurements of pCO2 (Table 3) . When averaging the creek mouth and upstream maxima 269 (17806 µatm), the pCO2 is still higher than previous measurements. The minimum CH4 270 concentrations at the creek mouth and upstream station were well below previously published 271 values (Table 3 ). This is due to the input of oceanic water in near-equilibrium with 272 atmospheric CH4 (~ 2 nM). The maximum CH4 concentration at the creek mouth was within 273 previously published ranges. However, the upstream maximum was above the highest 274 published maximum. 275
One of the greatest uncertainties in constraining global fluxes of CO2 (and most likely CH4) 276 from estuaries is the lack of data on diurnal and tidal variation since most studies rely on data 277 important to note that the mass balance assumes that the groundwater entering the creek 358 surface waters was spatially and temporally homogenous in gas concentrations, which cannot 359 be verified with the data available. 360
Gas concentrations of the groundwater endmember may change temporally due to changes in 361 groundwater residence times. For example, during spring tides, the greatest infiltration of 362 surface water occurs within the catchment due to the higher water level. A portion of the 363 water is not exported immediately, but likely remains within mangrove sediments with the 364 by-products of organic matter oxidation diffusing into the interstitial water. As the 365 hydrostatic pressure decreases with decreasing tidal amplitude, the porewater seeps back into 366 creek waters, with higher pCO2 and CH4 than groundwater that has a single tidal cycle 367 residence time. We suggest, therefore, that there are two groundwater-surface water exchange 368 mechanisms occurring within the study catchment operating on different time scales. The 369 first process, flushing of crab burrows, occurs on the semi-diurnal scale and has been 370 described in previous studies (Gleeson et al., 2013; Ridd, 1996; Stieglitz et al., 2013). The 371 second process occurs over the spring-neap-spring scale. We hypothesise that this process 372 involves the infiltration of surface waters in the higher intertidal areas during spring tides, 373 which flows through the sediment (most likely via macropores left by dead roots, 374 interconnected crab burrows etc.), and is delivered to the creek surface waters during the neap 375 tide. The exchange of this "older" groundwater with creek waters is controlled by hydrostatic 376 pressure, and therefore is inversely related to tidal amplitude and, as such, is driven by 377 spring-neap-spring cycles (Figure 9 ). This conceptual model of how groundwater-surface 378 water exchange drives mangrove CO2 and CH4 dynamics adds to the "mangrove pump" 379 concept of Stieglitz et al., (2013) . We term the combination of these two processes acting on 380 semi-diurnal (i.e. crab burrow flushing) and spring-neap-spring time scales (delivery of 381 "older groundwater due to hydrostatic head reduction) the "lunar mangrove pump". (Table 3) . 446
Implications 447
The use of automated sampling equipment capturing high-resolution data unequivocally 448 demonstrated the high spatial and temporal variability in surface water pCO2, CH4 and 222 Rn 449 within a mangrove creek. Average upstream pCO2, CH4 and 222 Rn values were ~ 4 fold 450 higher than at the creek mouth, with maximum values well above previously published data 451 (Table 3) . pCO2, CH4, and 222 Rn displayed a significant inverse relationship with tidal height 452 between tidal height and surface water pCO2 and CH4 provides strong evidence for tidal 469 pumping as a major source of mangrove creek water pCO2 and CH4 (Figure 3 and 5) . 470
The 222 Rn mass balance suggests that the supply of groundwater and associated pCO2 and 471 CH4 is potentially enhanced when tidal amplitude is lowest (Figure 7 and 8) . Thus, it is 472 hypothesised that groundwater pCO2 and CH4 may change temporally, due to changes in 473 groundwater residence time and/or flow paths over spring-neap cycles (Figure 9) . A portion 474 of the tidal water infiltrating sediments during the spring tide escapes exfiltration via crab 475 burrows during the same tidal cycle, remaining within mangrove sediments. As the 476 hydrostatic pressure between the groundwater table and the creek increases with decreasing 477 tidal amplitude (i.e. during transition from spring to neap tides), "aged" groundwater seeps 478 back into creek waters, which has higher pCO2 and dissolved CH4 concentrations. We have 479 termed the influence of semi-diurnal and spring-neap-spring tidal cycles on surface water 480 chemistry in mangroves the "lunar mangrove pump" which adds to the semi-diurnal model of 481 the "mangrove pump" proposed by Stieglitz et al., (2013) . Further research is required to test 482 this hypothesis, and to investigate whether similar trends are found seasonally (e.g. during the 483 dry versus wet seasons) and in macrotidal systems. 
